Introduction
Silica-based semiconductor nanocrystals have attracted much interest in recent years due to their possible applications in many kinds of nanoelectronic and optoelectronic devices such as next generation of solar cells, nonvolatile memories, and single electron transistors [1] [2] [3] [4] [5] . Compared with Si, Ge has larger electron and hole mobility, which can be used to fabricate the Ge-based thin film transistor (TFT) and nonvolatile memories with good device performance [6, 7] . Furthermore, Ge has a narrower band-gap (0.67 eV) and high phonon responsivity in the near-infrared region, so it is suited to many near-infrared applications [8, 9] . In order to further improve the device performance, detailed knowledge of transport mechanisms across these nanocrystals becomes necessary and is considered indispensable.
Studies of Si NCs films have provided a certain insight into the electronic characteristics of such material. At the previous works, there were many transport mechanisms applied to describe in nanocrystals, such as thermal activated transport in the extended states [10, 11] , tunneling through the grain boundary (GB) potential barriers [12, 13] , Mott variable-range hoping mechanism [14] , percolation-hopping transport mechanism [15, 16] , space charge limited currents, and single electron effects [17, 18] . It looked like that the transport process was strongly influenced by the film structures and compositions. The actual conduction mechanisms in such composites with different nanostructured semiconductors remain a dominantly open question.
In the present work, we have investigated the microstructures and carrier transport properties of Ge NCs films. It was found that Ge NCs were formed in films by annealing the amorphous samples and the average grain size was sequentially increased by further increasing the annealing temperature. Both of the dark conductivity and Hall mobility were significantly enhanced after annealing. A p-type behavior of Ge NCs films without intentional doping was observed, indicating inherent holes generation in the structure. Furthermore, temperature-dependent carrier transport processes in Ge NCs films were systematically studied in 2 Journal of Nanomaterials the temperature range of 10-500 K. It was found that three different mechanisms dominated the carrier transport process, respectively, in different temperature regions. The possible microscopic mechanisms governing charge transport were briefly discussed.
Experiment
The hydrogenated amorphous germanium ( -Ge:H) films were prepared by a plasma enhanced chemical vapor deposition (PECVD) system using a gas of pure germane (GeH 4 ) with a flow rate of 5 SCCM (SCCM denotes standard cubic centimeter per minute). During the growth process, the gaschamber pressure and substrate temperature were 10 mTorr and 250 ∘ C using 30 W of radio-frequency power, respectively. The films thickness is about 150 nm. After deposition, the films were subsequently annealed in a conventional furnace at temperatures of 400 and 500 ∘ C for 1 h in nitrogen ambient. Quartz plates and monocrystalline Si wafers were used as substrates for the various measurements.
The microstructures of the films before and after annealing were measured using Raman (model: HR800, Jobin Yvon Horiba Inc.). The high-resolution transmission electron microscopy (TEM) images were observed by a TECNAI G2F20 FEI high-resolution transmission electron microscopy. The optical band-gap was deduced by Tauc plots based on the optical absorption spectra measured by using a Shimadzu UV-3600 spectrophotometer. The dark conductivity and Hall mobility were obtained by temperaturedependent Hall measurements using van der Pauw (VDP) geometry with the LakeShore 8400 Hall effect measurement system. The temperature of Hall measurement ranges from 10 K to 500 K. The samples were prepared with coplanar Al electrodes on the four corners of the film by vacuum thermal evaporation followed by a 400 ∘ C alloying treatment of 30 mins to achieve the ohmic contacts which is confirmed by the linear current-voltage relationship.
Results and Discussion
Raman spectra of Ge NCs films annealed at various temperatures are shown in Figure 1 . As a reference, the Raman spectrum of film before annealing is also plotted. The signals at 273 and 300 cm −1 represent the transverse-optical (TO) vibration mode of amorphous Ge and the TO vibration mode of the crystalline Ge, respectively. A sharp and strong Raman peak close to 300 cm −1 can be clearly identified for all the films after annealing, which indicates the crystallization of amorphous Ge films. The crystalline volume fraction ( ) is estimated according to the formula:
= /( + ) [19] , where and are the crystalline and amorphous part of the integrated Raman scattering intensity, respectively. It was found that was about 63% for the Ge NCs film annealed at 400 ∘ C and was gradually increased to nearly 80% after annealing at 500 ∘ C. The size of Ge NCs ( ) annealed at various temperatures can be roughly estimated from the shift between 1 and LO-TO using the bending parameters of bulk optical phonon dispersion curve LO-TO , according to the The cross-sectional TEM image of the Ge NCs film annealed at 500 ∘ C; the inset is the high-resolution TEM image.
2 , where 1 and LO-TO are the Raman spectra of Ge NCs films and bulk Ge, respectively [20] . It was worth noting that the average sizes were about 7 nm and 17 nm for the Ge NCs films annealed at 400 and 500 ∘ C, which indicates that the higher temperature annealing can increase the grain size of Ge NCs.
The microstructures of Ge NCs films were investigated using the cross-sectional TEM observations. Figure 2 shows the cross-sectional TEM images of the Ge NCs film annealed at 500 ∘ C. The thickness of film is about 150 nm, which is in good agreement with the predesigned value estimated by the deposition rate. The formation of Ge NCs with various orientations can be further identified in the high-resolution TEM image as given in the inset. A large number of Ge NCs with the grain sizes of more than 10 nm spread over the film, indicating a good crystallization of the Ge NCs film. It is also shown that some nanoparticles exhibit the elliptic shapes with the vertical sizes of 10 nm and the lateral sizes as large as 20 nm.
The optical band-gap , which is usually used to describe the light absorption in amorphous and nanocrystalline semiconductor films [21, 22] , was deduced by using the Tauc plot. Figure 3 shows Tauc's plot of ( ℎ]) 1/2 versus photon energy ℎ] for as-deposited film and films annealed at 400 and 500 ∘ C. The optical band-gap is 1.0 eV for the as-deposited film, which represents the band-gap of amorphous Ge film. After annealing, the value of was increased and reached 1.5 and 1.6 eV for the films annealed at 400 and 500 ∘ C. As we know, the structure of films is changed from amorphous phases to nanocrystalline phases during the thermal annealing. For the crystallized sample, the disordered grain boundary regions, which have a higher optical band-gap compared to the amorphous and nanocrystalline regions, are widely distributed in Ge NCs films, leading to a prevalent contribution to the overall optical gap [23] . Therefore, the increase of optical band-gap for the annealed films may be ascribed to the increase of nanocrystalline components in films. Another possibility is the incorporation of N or O into the annealed films during the annealing process, which may also result in the increase of optical band-gap.
The electrical characterizations of all the films were performed applying the temperature-dependent Hall measurements. Figure 4 shows the dark conductivities and Hall mobilities measured at room temperature for the asdeposited film and films after annealing. It was interesting to find that Hall mobilities were significantly increased from 0.14 cm 2 /V⋅s for the as-deposited film to 182 cm 2 /V⋅s for the Ge NCs film annealed at 500 ∘ C, which are improved more than three orders of magnitude after annealing. Compared with any other work investigating the electronic properties of Ge NCs, our values of Hall mobility are more outstanding than those of previous reports [24, 25] . It is well known that the enhanced Hall mobility after annealing is actually attributed to the formation of Ge NCs in the films [12] . Thus, the highlighted Hall mobilities further reveal a quality crystallization of Ge NCs films via thermal annealing in our recent work. Meanwhile, the conductivity of as-deposited film was found to be 1.3 × 10 −3 S/cm. Thermal annealing further improved the films conductivities. For the Ge NCs film annealed at 500 ∘ C, a value as high as 25.6 S/cm was recorded, which is much higher than the previously reported data [25, 26] . As we know, the conductivity is usually determined by the carrier concentration and Hall mobility. As a high Hall mobility discussed above, a p-type behavior with holes concentration of more than 10 17 /cm 3 order was interestingly presented in the Ge NCs films without intentional doping. Zhang et al. investigated the electronic properties of Ge NCs embedded in SiO 2 matrix and also found a p-type behavior in the films. They suggested that this p-type behavior in the undoped Ge NCs films was attributed to the deep-acceptorlike surface states [25] , which was usually observed in Ge nanowires and Ge/Si Core-Shell nanowires [27, 28] . It is known that Ge NCs films usually have a charge neutrality level lying close to the valence band due to the asymmetrical distribution of surface state effective density [29] . Therefore, fixed negative charges are built up at the surfaces due to the occupation of dominated deep-acceptor-like surface states, which are usually related to the dangling bonds [30, 31] . As a consequence, the energy bands near the surface tend to bend up and attract extra holes in the bulk material, resulting in a high holes concentration which consequently causes a highly conductive p-type behavior in our Ge NCs films.
In order to investigate the transport behaviors of Ge NCs films, temperature-dependent conductivities were measured. It was found that the films annealed at 400 and 500 ∘ C exhibited a linear relationship of the ln versus −1 plot in the temperature region of 300-500 K in Figure 5 , which matches the Arrhenius relationship between dark conductivity and temperature, described as the formula: = 0 exp(− / ), where 0 is the preexponential factor of conductivity, is the conductivity activation energy, and is Boltzmann's constant. It is indicated that the carrier transport mechanism of Ge NCs films above room temperature is the thermal activation conduction in the extended states [32] . The activation energy can be deduced through Arrhenius plots by the slope of the linear fit, which is related to the energy difference between the Fermi level and the top of valance band in p-type semiconductor [33] . The deduced conductivity activation energy of the Ge NCs films annealed at 400 and 500 ∘ C is 43 and 29 meV, respectively. Compared with of 190 meV for the as-deposited film, we can conclude that the Fermi level is shifted toward the top of valance band and the more charge carriers are produced in Ge NCs films by thermal annealing, just as it has been illustrated earlier that surface states could give rise to the holes accumulation as well as the Fermi level shift.
We also measured the temperature-dependent conductivities in the low temperature range (10-300 K). However, the conductivity data obtained in the low temperature region cannot be well described by the Arrhenius relationship, which suggests different mechanisms dominating the carrier transport processes in Ge NCs films. In order to extract information about the transport behaviors of Ge NCs at low temperature, it is convenient to plot logarithm of the conductivity (ln ) as a function of −1/ , in which = 1 can be considered as an Arrhenius plot, and find a proper value of which straightens out experimental curves. Consequently, the value of was found to be around 2 from 120 K to 260 K and from 90 K to 230 K in the Ge NCs films annealed at 400 and 500 ∘ C, respectively. Figure 6 shows ln plotted as a function of −1/2 of all the Ge NCs films. The solid lines are the results of the least squares fitting by straight lines. We can see that the observed can be fitted very well with the straight lines. This temperature-dependent behavior, which is usually expressed by = 0 exp[−( 0 / ) 1/2 ], has been frequently observed in the similar works of Ge or Si nanocrystals [34, 35] . This ln ∝ −1/2 behavior is frequently explained by the percolation-hopping model [36] . According to this model, the conductive nanocrystals are dispersed in insulating matrices, which are separated from each other by a finite barrier. The thermally activated electrons can be transferred from one nanocrystal to another by tunneling the barrier. The percolation-hopping model can be suitable for the present samples because Ge NCs in our films are separated by the amorphous regions as can be seen in HRTEM images, and the current transport is considered to be made by the tunneling of electrons between the neighboring Ge NCs.
However, at the lower temperature (<90 K), the temperature-dependent behavior of conductivities was changed again and no longer dominated by the percolationhopping conduction mechanism. As shown in Figure 7 , the ln ∝ −1/4 behavior was found in the Ge NCs films annealed at 400 and 500 ∘ C, which indicates the Mott variable-range hopping (Mott-VRH) model following the formula:
. It is reasonable since the ability of electrons for hopping between the neighboring Ge NCs is limited due to the freeze out of acoustic phonons as the temperature goes down to 90 K. According to Mott's model, the lower temperature transport is due to the tunneling of carriers from occupied to unoccupied localized states [37] . The Mott-VRH conduction can be observed in the microcrystalline silicon ( c-Si) films at low temperature as well [38] [39] [40] . Furthermore, it was found that, with the annealing temperature of Ge NCs films increasing, the temperature at which the conduction mechanism changes from ln ∝ −1/2 behavior (percolation-hopping process)
to ln ∝ −1/4 behavior (Mott-VRH process) became lower as shown in Figure 7 . For example, it is about 90 K for the Ge NCs film annealed at 400 ∘ C and decreased to 50 K for the Ge NCs film annealed at 500 ∘ C. In the previous work, Fujii et al. have investigated the Ge NCs embedded in SiO 2 films. They found that increasing the grain size had the effect of extending the −1/2 region to the lower temperature, which was explained by the decrease of the activation energy due to the growth of the nanocrystals [34] . Therefore, the crossover of ln ∝ −1/2 and ln ∝ −1/4 in our Ge NCs films shifting to the lower temperature is attributed to the increase of grain size in Ge NCs films caused by the increase of annealing temperature, which is also confirmed by Raman results.
Conclusions
In summary, Ge NCs films were fabricated by thermal annealing of the corresponding -Ge:H films. It was found that both the crystallinity and average grain size in Ge NCs films were increased with the annealing temperature. Hall mobility reached the value of 182 cm 2 /V⋅s in Ge NCs films due to the quality crystallization of films. Meanwhile, a high conductivity with p-type carrier type was achieved to the maximum of 25.6 S/cm in Ge NCs films without any external doping, which is mainly attributed to the holes accumulation caused by the acceptor-like surface states. Carrier transport mechanisms in Ge NCs films were investigated by the temperature-dependent conductivities in the temperature region of 10-500 K. Three kinds of conduction mechanisms were observed in different temperature regions. The thermal activation conduction in the extended states dominated the carrier transport process above 300 K. Below room temperature, the carrier transport process was dominated by the percolation-hopping conduction below 260 K and turned to Mott-VRH conduction when the temperature falls below 90 K. The temperature at which the conduction mechanism changes from the percolation-hopping behavior to the Mott-VRH behavior was decreased with the increase of grain size in Ge NCs films.
